Abstract There is a growing amount of literature regarding diffusion-weighted imaging (DWI) of the liver. The apparent diffusion coefficient (ADC) was introduced in 1986 and is used extensively in studies. However, methods for calculating ADC vary considerably and the value of the ADC strongly depends on the b values chosen for its calculation. Indeed, the ADC incorporates the effects of both diffusion and perfusion, which can vary independently. Since signal attenuation as a function of b follows a bi-exponential pattern, other diffusion/perfusion coefficients can be calculated using DWI, and these may provide more meaningful measurements than the ADC. The absence of standardization for both the terminology and the methodology in DWI of the liver makes it difficult for readers to understand the technique used and strongly limits comparisons between studies. Here, we review the main principles of DWI of the liver, the limits of the ADC, and the exciting capabilities of multi-parametric DWI. We also insisted on the need for a common language for DWI of the liver.
When reading papers in the gastrointestinal imaging section of European Radiology, we discovered that diffusionweighted imaging (DWI) of the liver appears to have been one of the hottest topics over the past 18 months. Indeed, we found at least 7 original papers [1-4, 10, 12, 13] dealing with DWI of the liver, each of which focused on different clinical applications ranging from the detection of hepatocellular carcinoma [1, 12] to the diagnosis of liver metastases [1, 4, 10] , the prediction of tumor response [3, 13] or the evaluation of liver steatosis [2] .
These various applications are in keeping with the major capabilities of diffusion-weighted sequences to capture information regarding the molecular diffusion of water, which can be either restricted or enhanced depending on the pathology. The apparent diffusion coefficient (ADC) was introduced in 1986 [8] and its use is widely reported in the literature. Though software included in MR workstations can often perform mono-exponential regression with >2 b values, the ADC is usually calculated by mono-exponential regression using two b values with the formula:
The optimal b values used for DWI remain unclear, which explains why methods for calculating the ADC vary considerably from one study to another. Furthermore, the ADC incorporates the effects of both diffusion and perfusion [14] , which can vary independently. The main drawback is that ADC values depend on both the method used to calculate them and the chosen values for b. This considerably complicates the interpretation of the data.
As detailed below, the variability of the ADC can be explained by the use of a mono-exponential model, whereas signal attenuation is bi-exponential with DWI. Applying a mono-exponential fit to bi-exponential signal attenuation could be considered bad science and may remind us of the famous problem of squaring the circle. In addition to this, the huge variety in the terminology used in publications makes descriptions more difficult to understand and highlights the need for a common language, as was the case in the biblical account of the tower of Babel. Finally, other diffusion/perfusion coefficients can now be calculated using DWI, and these may provide more meaningful measurements than the ADC. Let us take stock of the situation concerning DWI of the liver.
IVIM theory, ADC and other diffusion/perfusion coefficients
The term intravoxel incoherent motion (IVIM) introduced by Le Bihan et al. several years ago [7] reflects the random microscopic translations that occur in voxels on MR images of either intracellular or extracellular water molecules and the microcirculation of blood, since the capillary network is organized pseudorandomly at the voxel level [14] . Since the liver has an isotropic structure, liver DWI is routinely estimated by using tridirectional diffusion gradients (along the 3 axes x, y and z) to calculate an average diffusionweighted image (called "trace") [11] . According to IVIM theory [7] , signal attenuation as a function of b is expressed by the following equation [6] :
where SI is the signal intensity at the given b value, f represents the perfusion fraction (i.e., fractional volume occupied in the voxel by flowing spins), D slow (also called D) represents pure molecular diffusion and D fast (also called D*) perfusion-related diffusion. SI 0 is proportional to exp(-TE/T2), which explains why DWI performed with b=0 s/mm 2 corresponds to a T2-weighted sequence. This should not be forgotten when optimizing DWI sequences especially to preserve an adequate signal-to-noise ratio (SNR) with high b values (meaning that if T2 is short or TE is long, the SNR will be very low at high b values). In a normal liver, the D slow value is about 1.3×10 −3 mm 2 /s, the D fast value is about 100 times higher and f varies between 25% and 30% ( Fig. 1 ). Given the relative values of D slow and D fast , the signal from vessels with rapid flow disappears quickly as the b value increases [5] , which 2 ) for ADC calculation, dash-point green line: 2-point mono-exponential regression (b=0, 600 s/mm 2 ) for ADC calculation. In a semi-logarithmic projection, a mono-exponential curve should give a straight line, whose slope is the ADC. Here, a bi-exponential model provides an excellent fit. The first part (0<b<50 s/mm 2 ) of the fitting curve represents both pure molecular diffusion and perfusion-related diffusion, whereas the second part (>50 s/mm 2 ) reflects mostly pure molecular diffusion. The ADC (i.e. the slope) varies considerably (and is overestimated) when b=0 s/mm2 is used to calculate it, because the effect of perfusion is also incorporated in the calculation When a 6-point logarithmic regression is used (b=50, 100, 200, 400, 600, 800), the ADC=1.37*10-3 mm2/s whereas, the ADC=1.36*10-3 mm2/s with a 5-point logarithmic regression (b=100, 200, 400, 600, 800). Fig. 1 As shown in Table 1 , substantial variations of ADC values persist even when b values greater than 50 s/mm 2 are used. This can be mostly explained by the noise. The greater the b value, the smaller the SNR. Even at 3 T, with state-of-art gradient hardware, reduced echo times, increased number of acquisitions and respiratory triggering, SI of the liver is very low at b values greater than 800 s/mm 2 thereby explaining why noise may contribute substantially to the signal and could influence the calculation of diffusion coefficients. Of course, calculation of the ADC (or other diffusion parameters) can be and should be performed using more than two b values, thereby reducing the effect of noise, provided that the b values are carefully chosen.
Bi-exponential fitting makes it possible to calculate f and D fast , but very slow b values (between 0 and 20 s/mm 2 ) are needed to model the first part of the curve correctly and thus to provide reliable results for D fast . Otherwise, its value may be greatly underestimated.
Towards standardization…
To make articles on the subject more easily understandable to readers, the terminology must be clear and standardized if possible. Obviously, we are not in a position to impose rules, but we would like to propose some channels for reflection. First, a precise description of the method used to calculate ADC should be reported in papers since ADC values are meaningful only when reported with the b values used for their measurement, as stated above. Given the significant perfusion fraction in the liver, we suggest abandoning calculation of the ADC using b=0 s/mm2 and replacing it with b>50-100 s/mm2. For the sake of clarity, we propose that the b values used to calculate the ADC be systematically included close to the term "ADC" in both the manuscript and the abstract of papers. For instance, if b values of 50, 200 and 400 s/mm2 are used to calculate the ADC, the ADC may be cited as "ADC(b=50,200,400)".
With IVIM DWI, other diffusion parameters than the ADC can be calculated [9] . Again, terminology is of major importance, especially so since, to our knowledge, no specific recommendations have been published. The "D" or "D slow " coefficient was called pure molecular diffusion coefficient by le Bihan. This name is probably more understandable than the term "true diffusion coefficient" proposed by Yamada et al. [14] suggesting that a "false" diffusion coefficient may exist (perhaps ADC?). The abbreviation D slow has the advantage of being clearer. The "f" coefficient unanimously designates the perfusion fraction. Finally, the name of the "D*" or "D fast " coefficient is more varied, called either "pseudodiffusion" or "perfusion-related diffusion" or even the "fast-component of diffusion". In order to be as meaningful as possible, perfusion-related diffusion coefficient is probably the best term and "D fast " the best suited abbreviation.
The determination of these coefficients (D slow , D fast and f) seems promising in diffuse liver disease and especially in cirrhosis in which D fast is significantly reduced [9] . The exploration of focal lesions using the same approach opens an immense and exciting field to explore (Fig. 2) . Currently, even though it is technically challenging to calculate the 3 diffusion coefficients with a high level of reproducibility in focal lesions, further improvements and the optimization of hardware, sequences and signal analysis should considerably improve the reliability of the results in the future.
To conclude, there is no doubt that the literature regarding DWI of the liver will grow in the future. We strongly encourage manufacturers to implement multi-b diffusionweighted echo-planar sequences in MR systems. With such sequences, the possibilities of DWI would be considerably expanded opening an exciting door onto microscopic imaging of both perfusion and molecular diffusion. And wouldn't it be wonderful if we all spoke the same language!
